The superoxide dismutase (SOD) activity of iron(II) tetrakis-N,N,N,N(2-pyridylmethyl)ethylenediamine complex (Fe-TPEN) was reexamined using a pulse radiolysis method. In our previous study (J. Biol. Chem., 264, 9243-9249 (1989)), we reported that this complex has a potent SOD activity in a cyt. c (cytochrome c)-based system (IC 50 ‫8.0؍‬ m mM) and protects E. coli cells against paraquat toxicity. The present pulse radiolysis experiment revealed that Fe ( 
are useful not only as biological tools, but also potentially as pharmaceuticals. [3] [4] [5] [6] For these reasons, many low-molecular SOD mimics, mainly copper and manganese complexes, have been synthesized and examined for activity in vitro and partially in vivo, as functional models of the native enzymes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Some compounds have been identified as candidate pharmaceuticals. [19] [20] [21] [22] [23] We are therefore interested in studying SOD model compounds to learn how the structural and physical properties of the metal complexes are related to the chemical function of superoxide dismuting activity.
Although the reaction mechanisms of some mimetics have been investigated in detail, 24, 25) they remain unclear in most cases. Generally, metal-catalyzed superoxide dismutation is described by the following two equations:
Most low-molecular metal complexes that have been studied in the past were believed to catalyze the superoxide dismutation reaction via the above scheme. We previously reported the novel SOD mimic, Fe(II)-tetrakis-N,N,NЈ,NЈ (2-pyridylmethyl)ethylenediamine (Fe(II)TPEN). [26] [27] [28] This complex had high SOD activity measured by the cyt. c assay and protected Escherichia coli against paraquat toxicity. However, Iuliano and co-workers investigated the interaction of Fe-TPEN with reactive oxygen species under in vitro conditions. 29) They reported that Fe(II)TPEN acts as a Fenton catalyst and generates hydroxyl radical from hydrogen peroxide, and suggested that this is the reason for the much lower efficacy of the complex in E. coli cells than expected from its in vitro activity. Weiss and co-workers also demonstrated that Fe-TPEN did not enhance the dismutation reaction of superoxide and suggested that our overestimation of the SOD activity of Fe-TPEN was due to its cyt. c peroxidase activity. 30) We agree with them in respect to the Fenton reactivity and the cyt. c peroxidase activity of Fe(II)TPEN, as we previously obtained almost the same results. But their proposed reaction mechanisms are incomplete as regards the interaction of Fe(III)TPEN with superoxide and do not account fully for the entire superoxide dismuting reactions of Fe-TPEN.
In this paper, we propose a different mechanism of SOD activity of Fe-TPEN, based on an examination of each step using a pulse radiolysis method. The mechanism is also supported by data obtained using pH titration techniques and Xray crystallographic analysis.
Experimental
Materials Catalase, cyt. c (type III), and xanthine sodium salt were obtained from Sigma. Xanthine oxidase was from Boehringer Mannheim GmbH. The other chemicals were all reagent-grade products from Aldrich or Tokyo Kasei Kogyo, Ltd.
Methods Pulse Radiolysis Method 31) : Pulse radiolysis experiments were performed with the electron linear accelerator at the Institute of Scientific and Industrial Research, Osaka University. The pulse width and energy were 8-10 ns and 20-35 MeV, respectively. The light source was a 1-kilowatt xenon lamp. The light intensities transmitted through the optical path were analyzed and monitored by a fast spectrophotometric system composed of a Nikon monochromator, a 1-P-28 photomultiplier with a short response time, and a Tektronix 7834 memorizing oscilloscope fitted with a Polaroid camera. For each wavelength, transmittance changes were recorded by photographing the oscilloscope traces. Photolysis by the analyzing light was minimized by means of an optical shutter and selected filters. Samples of iron complexes for pulse radiolysis were prepared by bubbling oxygen gas through a solution of complexes containing 10 mM acetate buffer (pH 4-6), or 10 mM phosphate buffer (pH 6-8), or 10 mM borate buffer (pH 8-10), 2) Calculation of equilibrium constants and species distributions. The equilibria in the present system and the relevant equilibrium constants, bpqr, are defined by the following equations (charges are omitted for simplicity):
Mechanism of Superoxide
where p, q, and r are the numbers of moles of metal (M), ligand (L), and proton (H) in the complex, respectively, and a negative value of r denotes the hydroxyl ion. Calculation of bpqr was done using the program MINIQUAD where the function minimized is the sums of the squares of the residuals in the mass balance equations for total hydrogen ion, total metal, and total ligand. Calculation of species distribution was done with the program SU-PERQUAD, developed by Gans et al. 33) Syntheses of TPEN and Iron Complexes: All chemicals were commercial products of reagent-grade quality, and were used without further purification. 4 mg) , and the reaction mixture was left standing at room temperature for 5 min. The solvent was thoroughly removed, leaving a yellow powder. Recrystallization from CH 3 CN afforded yellow plates. To obtain a sample for X-ray analysis, this recrystallization was repeated three times.
X-Ray Structure Determinations: The single-crystal structure determinations were carried out at the Graduate School of Pharmaceutical Sciences, The University of Tokyo. Diffraction data were collected on an Enraf-Nonius CAD-4turbo automated k-axis diffractometer equipped with a graphitecrystal monochromator. The w/2q scan technique was used to record the intensities for all nonequivalent reflections.
Data were collected at 278 K for both crystals. Pertinent details regarding the structure determinations are listed in Table 1 .
Results
The Reaction of Fe(II)TPEN and Superoxide The pulse radiolysis technique is very useful for measurement of rate constants and identification of unstable intermediates in the reactions of superoxide and various compounds. 24, 31, 36) This technique was used to obtain the reaction rate constant of Fe(II)TPEN and superoxide. An aqueous solution of Fe(II)TPEN has absorption at 416 nm (l max , eϭ10,800) due to charge transfer from the ligand to ferrous iron, while an aqueous solution of Fe(III)TPEN has little absorption in the visible region. Formation of a 1 : 1 Fe(II) complex of TPEN in aqueous or polar organic solvents was previously revealed by means of a continuous plotting technique. 26) We monitored the decay of this characteristic absorption of Fe(II)TPEN and tried to examine the direct reaction of Fe(II)TPEN and superoxide.
The reaction solution contained Fe(II)TPEN (50-300 mM) in 10 mM phosphate buffer with tert-butanol (100 mM) and catalase under the condition of oxygen saturation. When exposed to pulse irradiation, Fe(II)TPEN was rapidly bleached to Fe(III)TPEN with a reduction of the absorption at around 420 nm. We obtained the difference absorption spectrum between before and after irradiation by measuring the transmittance change at various wavelengths ( Since the open circles were well fitted to the difference spectra, Fe(III)TPEN was confirmed to be the product in the reaction of Fe(II)TPEN and superoxide generated by the pulse irradiation. The concentration of superoxide generated under these conditions was 43.4 mM. This shows that superoxide reacts stoichiometrically with Fe(II)TPEN, based on the value of DA.
To determine the second-order rate constant of this reaction, we examined the absorption decay The quartz reaction cell contained 10 mM phosphate buffer (pH 7.4), 100 mM tertbutyl alcohol, and 50 mM Fe(II)TPEN under oxygen saturation. The traces were started just after pulse irradiation. The transmittance changes were recorded by photographing the oscilloscope traces. The absorption changes (DA) were calculated from the transmittance changes (DT) using the following equation, DAϭlog 100/100ϪDT. Open circles represent calculated absorption changes at 10 ms after pulse irradiation. Solid line represents the difference spectrum (Fe(II)TPEN)Ϫ(Fe(III)TPEN) in phosphate buffer (pH 7.4) at the same concentrations. Under these experimental conditions, 43.4 mM superoxide was generated by pulse irradiation. Irradiation conditions are given in the Experimental section.
[Fe(II)TPEN] 0 . Figure 2 shows a plot of the second-order rate constants as a function of pH. The value of the second-order rate constant decreased drastically at pH under 6. Since the pK a value of superoxide is 4.88, the ratio of protonated superoxide, HO 2 radical, in the reaction mixture increased as the pH was lowered. This pH profile demonstrates that Fe(II)TPEN has very low reactivity, if any, with the HO 2 radical. This suggests that the reaction includes charge transfer from Fe(II)TPEN to superoxide and that the negative charge of superoxide is essential for the interaction with Fe(II)TPEN.
The Reaction of Fe(III)TPEN and Superoxide The reaction of Fe(III)TPEN and superoxide was also examined using pulse radiolysis. Figures 3a and b show typical transmittance changes at 420 and 310 nm after irradiation of an aqueous Fe(III)TPEN solution saturated with dioxygen at pH 7.4. The reaction was biphasic. The fast reaction was completed within 10 ms, and caused the absorbance changes (the decrease at 420 nm and the increase at 310 nm). On the other hand, the slow reaction took several seconds to reach completion, and the absorbance changes were opposite to those in the fast process both at 420 nm and 310 nm. This intermediate is proposed to be Fe(III)TPEN-superoxide complex, the superoxide adduct 37) of Fe(III)TPEN or an equivalent species, based on the fact that it is not Fe(II)TPEN, as indicated by its difference spectrum at 20 ms after pulse irradiation.
The above results suggest that there are two processes in the catalytic reaction of superoxide with Fe(III)TPEN; the first one forms Fe(III)TPEN-superoxide complex, and the second regenerates Fe(III)TPEN with the formation of hydrogen peroxide and dioxygen. The observed rate constants of the fast process were plotted against the concentration of Fe(III)TPEN under pseudo first-order conditions, and the second-order rate constant was determined as 8.5ϫ10 5 
M
Ϫ1 s Ϫ1 at pH 7.4. Figure 5 shows the second-order rate constant of the fast process as a function of pH.
There are three possibilities for the slow process in which Fe(III)TPEN was reproduced:
Since this slow reaction is a second-order reaction (data 5), can also be rejected because the superoxide had completely disappeared within 20 ms after pulse irradiation in the reaction cell. Thus, we consider that two Fe(III)TPENsuperoxide complexes react as shown in Eq. (6) under these experimental conditions. We estimated the rate constant of reaction (6) to be 10 3 M
Ϫ1 s
Ϫ1 from the time taken to regenerate the unadducted form.
The reaction mechanism proposed above may be applicable only under pulse radiolysis conditions. In the presence of an excess amount of superoxide or when superoxide is continuously being generated, reaction (5) would rather be favored.
The Reaction of FeTPEN in the Cyt. c Assay As mentioned above, superoxide does not reduce Fe(III)TPEN to Fe(II)TPEN, while it oxidized the latter to the former in the pulse radiolysis experiments. This cannot explain the catalytic SOD activity of Fe-TPEN. Iuliano et al. 29) and Weiss et al. 30) suggested that our overestimation of the SOD activity of Fe-TPEN was due to Fenton reactivity. However, our experimental system based on the cyt. c method contained a sufficient concentration of catalase to decompose hydrogen peroxide generated by the xanthine/xanthine oxidase system; therefore the hydrogen peroxide-dependent reaction of Fe-TPEN cannot account for the inhibition of cyt. c reduction. We therefore examined cyt. c (red) reoxidation in the presence of both Fe(III)TPEN and superoxide. The reaction mixture contained equal concentrations of cyt. c (red) and cyt. c (ox) (total concentration was 10 mM), catalase, and xanthine in phosphate buffer (line A in Fig. 6 ). When Fe(III)TPEN was added to this solution, no absorption change was observed, but when xanthine oxidase was added, cyt. c (red) began to be reoxidized. This indicates that both Fe(III)TPEN and superoxide are required to reoxidize cyt. c (red). This reaction reached a steady state. For line B, the reaction mixture contained cyt. c (ox), catalase, xanthine and Fe(III)TPEN in phosphate buffer. When xanthine oxidase was added to this reaction system, the reduction started immediately. However, the reduction was not complete, but reached the same equilibrium state as in the former experiment. The above results are summarized in Chart 1. We propose that the Fe(III)TPENsuperoxide complex, which was produced in the pulse radiolysis experiment, has cyt. c "superoxidase" activity. Because all experiments were conducted in the presence of an adequate concentration of catalase, "peroxidase" activity of Fe(III)TPEN can be excluded.
Solution Equilibrium Chemistry of Fe-TPEN pH Titration 32, 33) : The coordination chemistry of Fe(III)TPEN in aqueous solution has a major influence on the reactivities. We therefore studied the coordination states and species distribution in aqueous media, and carried out pH titration 38) to analyze the solution equilibria.
Based on the titration curves, the overall proton-ligand stability constant was calculated with the MINIQUAD program The second-order rate constants of the fast process were calculated from the half life time of elimination of Fe(III)TPEN under pseudo first-order conditions. The employed buffers and irradiation conditions are the same as described in the legend to Fig. 2 . . Calculated stepwise dissociation constants (stepwise pK a ) are 6.96, 4.29, 3.20, 2.71, 2.50, and below 2.0. According to these values, the protonation of the least basic pyridine ring of TPEN occurs only below pH 2. Therefore, this pyridine is assumed to have low coordination activity.
The calculated species distribution curves for Fe(III)TPEN were obtained by simulating the results with the SU-PERQUAD program. Figure 7 shows that the main species at about neutral pH is Fe(III)TPEN(OH Ϫ ). At lower pH, Fe(III)TPEN is dominant. The higher the pH value becomes, the lower the ratio of Fe(III)TPEN(OH Ϫ ) species is. In the pulse radiolysis study, the second-rate constant of the fast reaction of Fe(III)TPEN and superoxide showed pH dependency (Fig. 5) . If Fe(III)TPEN(OH Ϫ ) is the reacting species under that condition, it is reasonable that the rate constant decreases with decrease of the ratio of this species as the pH value becomes higher.
Pulse Radiolysis Study We next examined the reduction of Fe(III)TPEN(OH Ϫ ) by hydrated electrons generated by irradiation in the absence of oxygen. Figure 8c shows the difference spectra from Fe(III)TPEN at 5 and 500 ms after irradiation. Hydrated electrons reacted with Fe(III) and were eliminated within 3 ms, but, by 5 ms after irradiation, no absorption of Fe(II)TPEN had appeared. Thus, as soon as a hydrated electron reacts with Fe(III), Fe(III) is reduced to Fe(II), but there is a lag time until the appearance of the reduced complex. Insets of Fig. 8a and b show the elimination of the hydrated electron (600 nm) and the appearance of Fe(II)TPEN (420 nm). The weak basicity of one of the four pyridine rings suggests that the configuration of Fe(III)TPEN(OH Ϫ ) may be as shown in Chart 2. One pyridine ring is assumed to have been displaced by a hydroxyl ion. In contrast, TPEN ligates to Fe(II) with all six nitrogen . Deoxygenation was performed by bubbling each cell with nitrogen gas for more than 30 min and the absolute deoxygenation was confirmed by the absence of superoxide production. Irradiation was carried out in 10 mM phosphate buffer (pH 7.4). The concentration of generated hydrated electrons was 12 mM and that of Fe(III)TPEN was 96 mM under this experimental condition. Monitored wavelengths were 600 and 420 nm for (a) and (b), respectively. (c); The difference spectrum of the reduced form of the complex and Fe(III)TPEN per se after pulse irradiation. Open circles represent the difference absorbance at the respective wavelengths at 5 ms after pulse irradiation. After 5 ms, hydrated electrons were no longer detectable. Closed circles represent the difference absorbance at 500 ms after pulse irradiation. DA was calculated from the changes of transmittance.
atoms. The absorption around 420 nm of Fe(II)TPEN is due to this coordinating configuration. Thus, the time at which the absorption of Fe(II)TPEN appears is belived to represent the time at which the free pyridine arm recoordinates to Fe(II).
The proposed structure of Fe(III)TPEN(OH Ϫ ) is strongly supported by these data. The adduct of superoxide may be produced by substitution at the OH Ϫ coordination site (Chart 2).
X-Ray Crystallographic Analysis
We conducted an Xray crystallographic study on Fe(II)TPEN(SO 4 ). A previous study 39) Ϫ have no coordination ability due to their bulkiness, they lie outside the complex. This structure is distorted by the two pyridine rings ligated from the equatorial direction. The structures of metal-EDTA have also been reported. According to the literature, H 2 O coordinates to the complex as the 7th ligand. 40) In the case of Fe(II)TPEN[(ClO 4 ) 2 ], there is no ligand other than the six nitrogens of TPEN. 41, 42) The structure of Fe(II)TPEN(SO 4 ) obtained in an organic solvent is shown in Fig. 9 and the crystallographic data are listed in Table 1 . One of the pyridine rings coordinating from the equatorial direction is substituted by one of the oxygen atoms of the sulfate ion. In the crystal lattice there are 8 molecules, consisting of 4 pairs of asymmetric complexes.
The low basicity of one pyridine ring is consistent with its displacement by sulfate. The mass spectrum showed the molecular ion concomitantly with the sulfate ion (data not shown), again supporting the coordination of sulfate ion as the 6th ligand. The affinity of oxygen for Fe(II)TPEN and the existence of a direct reaction site on the metal center for activated oxygen species are noteworthy findings.
Discussion
Initially, we employed TPEN as a membrane-permeable metal chelator to inhibit the Fe-driven Haber-Weiss reaction. TPEN, as an iron chelator, completely inhibited in vitro aromatic hydroxylation by OH radical secondarily produced from superoxide and hydrogen peroxide by Haber-Weiss reaction in the xanthine/xanthine oxidase system (our unpub- lished data). TPEN also inhibited aromatic hydroxylation in the presence of EDTA, which is known to enhance the Fecatalyzed Haber-Weiss reaction. 43) This suggested that TPEN should influence the xanthine/xanthine oxidase system. However, Fe(II)TPEN had no influence on the consumption of xanthine or the production of urate. We then examined the reactivity of the Fe complex of TPEN. Fe(II)TPEN reacted with hydrogen peroxide with the rate constant of 7.8ϫ10 1 M Ϫ1 s Ϫ1 at pH 7.0 (data not shown), forming the potent oxidant hydroxyl radical or its equivalent species, while Fe(III)TPEN was inactive. So, the Haber-Weiss reaction inhibiting activity of Fe-TPEN can be explained in terms of superoxide quenching activity.
Iuliano and co-workers reported that Fe-TPEN has no SOD activity. 29) They suggested that our overestimation was caused by the reaction of Fe(II)TPEN and hydrogen peroxide. Weiss and co-workers have recently shown that Fe-TPEN has no SOD activity by means of a stopped-flow technique, and they also referred to the reaction of Fe(II)TPEN and hydrogen peroxide.
30) However, we had known of the reactivity of Fe(II)TPEN and hydrogen peroxide, and our experimental system contained catalase in order to diminish its effect. Therefore, the apparent SOD activity of Fe-TPEN cannot be explained by the reaction with hydrogen peroxide.
As mentioned above, Fe(II)TPEN is oxidized by superoxide generated by irradiation with the second-order rate constant of 3.9ϫ10
. The redox potentials of superoxide/ hydrogenperoxide and Fe(II)TPEN/Fe(III)TPEN are ϩ940 and ϩ545 mV vs. S.C.E. in H 2 O (our unpublished data), respectively. This indicates that the reaction (3) can occur in H 2 O. However, contrary to our expectation, Fe(III)TPEN was not reduced by superoxide to Fe(II)TPEN; but this does not imply that Fe(III)TPEN is inactive towards superoxide. We obtained optical data suggesting the production of the Fe(III)TPEN-superoxide adduct (Fig. 4) . This is a key complex to understand the whole reaction. Next, we observed the regeneration of Fe(III)TPEN from this adduct. This reaction is not a simple separation reaction of Fe(III)TPEN and superoxide because it was second-order (rate constant is 10
). In this pulse experiment, it seemed to proceed according to reaction (6) , because 20 ms after the pulse, superoxide had been completely eliminated. But if the Fe(III)TPEN were exposed to a flux of superoxide, reaction (5) would occur predominantly. The apparent SOD activity of Fe-TPEN in cyt. c assay can thus be explained in terms of superoxidase activity (summarized in Chart 1).
Superoxide dismutation requires the protonation process. This process brings about a potential difference between two superoxide molecules and enables charge transfer. The Fe(III)TPEN-catalyzed reaction can also be considered as well as the proton-catalyzed process. Superoxide would coordinate to the site of Fe(III)TPEN where one pyridine ring is substituted by hydroxylate ion. In this process, a potential difference would be generated between the adduct and superoxide, and the dismutation reaction would be induced by this potential difference. This complex would receive one electron from superoxide through the outer sphere, regenerating free Fe(III)TPEN with the release of O 2 2Ϫ or a protonated form, HO 2 · or H 2 O 2 (Eq. 5).
Here we propose a mechanism for the inhibition of PQ toxicity in E. coli by Fe-TPEN. PQ toxicity involves the Fedriven Haber-Weiss reaction, 44) and some chelators such as EDTA can enhance this toxicity. In this reaction, superoxide plays a role in reducing the catalyzing metal to its reduced form, which is reactive with hydrogen peroxide. ) becomes the major species in H 2 O. In this complex, Fe(III) is assumed to be coordinated by five nitrogen atoms and one oxygen derived from hydroxyl ion. This substitution generates a relaxed complex in the high spin state. In the dismutation reaction, the 6th ligand, OH Ϫ , is displaced by superoxide, forming the Fe(III)TPEN-superoxide complex.
Superoxide dismutation reactions catalyzed by metal complexes are often described by Eq. (1) and (2); however, the mechanism of Fe-TPEN is quite distinct from that, somewhat resembling a proton-catalyzed process. Reexamination of the reaction mechanisms of other SOD mimics reported so far might be desirable.
